In this work we report on the competition between growth, implantation, and sputtering effects during the production of metal nanoparticles ͑NPs͒ by pulsed laser deposition. The production sequence involves first the deposition of an amorphous ͑a-͒Al 2 O 3 layer onto which gold NPs are produced. They are subsequently covered by a-Al 2 O 3 and this sequence is repeated five times. The resulting nanocomposite films have metal contents per layer in a broad range: 1 -9 ϫ 10 15 at cm −2 . The results clearly show the formation of two NP layers per layer of gold deposited, the deepest one consisting of NPs produced by metal implanted into the a-Al 2 O 3 layer, which is acting as a substrate, and the other one consisting of NPs grown on the a-Al 2 O 3 surface. The high kinetic energy of a significant fraction of the Au species present in the plasma and the high fluxes ͑10
INTRODUCTION
The development of nanoparticle ͑NP͒ synthesis and characterization techniques that make possible the control of the NPs features within a few nm have attracted renewed interest to the production of metal NPs, as this opens the possibility of taking advantage of their special properties for the development of applications such as new catalysts, tunnel resonance resistors, or optical devices. For many of these applications, the NPs have to be embedded in a dielectric host to form a nanocomposite.
The control of the distribution, size and size dispersion of the NPs has been a challenge for many years. Common methods to produce NPs with controlled features are energetic ion implantation [1] [2] [3] or thin film technologies. [4] [5] [6] Whereas the former introduces the metal into a bulk dielectric, the latter produces both the metal NPs and the host using the same deposition technique. Although sputter deposition has been the most widely used technique, 5 pulsed laser deposition ͑PLD͒ has recently appeared as a promising technique due to its superior ability in producing high quality dielectric oxides. 7 An alternate PLD technique using independent targets for the metal and the host has successfully been used to produce metal NPs layers embedded in amorphous ͑a-͒Al 2 O 3 with an excellent control over the in-depth separation of the NPs. 8 The dimensions of the NPs are typically controlled through the number of pulses on the metal target leading to quasispherical small NPs ͑diameters of 2-3 nm͒, with a narrow size dispersion ͑around 1 nm͒ for low metal contents. The size and shape dispersion are found to increase as the metal content increased, and the NPs become larger and elongated as a result of coalescence and coarsening. 9 The role of laser fluence used to ablate the metal target on the growth of metal NPs has been much less studied. Recent results reported on the growth of Bi NPs using fluences in the range 0.4-5 J cm −2 show that implantation of the metal in the host is an important issue that scales with the laser fluence. For low metal contents, surface nucleation of NPs was even unexpectedly prevented at high laser fluences. 10 This implantation process has been related to the high kinetic energy ͑ϳ200 eV͒ of a significant fraction of the species involved in the PLD process. In addition to implantation, it is very well known that high kinetic energy species bombarding a surface produce sputtering. 11 Such sputtering processes have been reported to occur during PLD of metals with yields as high as 0.5 and 1.0 for the deposition of Ag ͑Ref. 12͒ or Zn. 13 They have also been considered responsible for surface compositional changes due to preferential sputtering of the different metal components. 14 Although these two processes, namely implantation and sputtering, are separately reported when producing films or NPs by PLD, they must inevitably occur simultaneously, especially when using high fluences.
The understanding of the competition between growth, implantation, and sputtering in the PLD process is thus essential to eventually achieve a fine control of the NP morphology and distribution. The aim of this work is to identify the parameters that control the role of implantation and sputtering effects on the growth of metal NPs and their incorporation in a-Al 2 O 3 by PLD. The amount of deposited metal, the dimensions of the NPs and the kinetic energy of the metal species involved in the process are studied as a function of the laser fluence used to ablate the metal and Al 2 O 3 targets. We have selected gold for this study because the range of kinetic energies accessible is broader than for lighter metals and because the production of Au NPs has widely been reported. To compare to earlier reports on a metal with lower mass such as Ag, 15 we have also determined the velocity of Ag species.
EXPERIMENT
Nanocomposite films containing layers of Au NPs embedded in a-Al 2 O 3 were produced by PLD in vacuum ͑10 −6 mbar͒. An ArF excimer laser beam ͓ = 193 nm, = 20 ns full width at half maximum ͑FWHM͔͒ operating at 10 Hz was alternatively focused on the surface of high purity Al 2 O 3 and Au targets at an angle of incidence of 45°. The targets were mounted into a computer-controlled holder that allows both the continuous rotation and the sequential ablation of the targets. The growth was performed on Si and carbon-coated substrates held at room temperature and placed 32 mm away from the target surface.
The deposition rates of both the a-Al 2 O 3 and the metal were independently determined in vacuum prior to the production of the nanocomposite films by means of in situ reflectivity measurements. The synthesis sequence consisted of the deposition of an a-Al 2 O 3 layer to allow the NPs always to nucleate on the same type of surface. Once the NPs were produced, the matrix target was ablated to first fill in the space around the NPs and second to produce an a-Al 2 O 3 layer with a certain thickness and a flat surface. 8 This sequence was repeated the desired number of NPs layers and an a-Al 2 O 3 protective layer was always deposited to encase the films. Further details of the synthesis procedure of these nanocomposite films can be found elsewhere. 15 The dependence of the NP's morphology on the amount of metal and the laser fluence has been studied. The former has been varied through the number of pulses on the metal target, in a range from the amount of metal required to form NPs that could be imaged by electron microscopy up to the percolation threshold. The laser fluence varied from F 0 = 2.7 J cm −2 to 3.3F 0 = 8.9 J cm −2 by changing the laser pulse energy while keeping the spot size at the target surface close to 1 mm 2 . The spot size was determined by placing a laser beam profiler at the position of the target surface to measure the intensity profile of the attenuated laser beam. The spot size corresponds to the area at which the laser intensity is above 10% of its maximum value. The laser fluence used to produce the matrix was in all cases the same as the one used to produce the NPs. When changing the fluence, the number of pulses on the matrix target was adjusted in order to achieve a similar spacing of the NP layers and film thickness.
Rutherford backscattering spectrometry ͑RBS͒ was used to determine the metal content of the films deposited on Si substrates, the film thickness and the in-depth separation between NP layers. 8 A 2.0 MeV 4 He + beam was used and the experimental spectra were analyzed using the RUMP code, the error in the determination of the gold content being 2%.
The analysis of the morphology and the crystallographic structure of the NPs was carried out using high resolution electron microscopy ͑HREM͒ and selected area electron diffraction ͑SAD͒ using a JEOL 4000EX TEM operated at 400 kV with a point-to-point resolution of 0.16 nm. The outof-plane morphology and distribution of the NPs was studied in cross-section specimens having 5 NP layers produced on Si substrates. They were prepared using a focused Ga ion beam ͑FIB͒ milling system. The in-plane morphology of the NPs was studied in samples grown on carbon-coated mica substrates with a simple sandwich structure of Al 2 O 3 / NPs/ Al 2 O 3 to prevent the overlapping of images from different NP layers. The films were floated off the carbon-coated mica substrate in de-ionized water and picked up on copper grids for observation, having a typical size of 1 ϫ 1 mm 2 . Within this area, the structural features of the specimens were homogeneous. The analysis of the images was performed by manually outlining the NPs to produce binary images that were processed using the Gatan Digital Micrograph software to determine the size, shape and number density of the NPs. The estimated error in the determination of the NPs size and number density was estimated to be 10%.
Finally, the velocity of Au, Ag, and Al excited atoms in the plasma was measured by spatially resolved real-time optical emission spectroscopy using the method described elsewhere. 16 The plasma produced by laser ablation was imaged at the entrance slit of a spectrometer and scanned along the normal to the target. The analysis of the emission transients recorded for different distances to the target allowed us to determine the most probable velocity. The velocities were determined within 10% by averaging the results for the 481.2 nm and 627.8 nm lines in the case of Au, the 466.8 nm, 447.6 nm and 546.6 nm lines in the case of Ag and the 394.4 nm line in the case of Al. All of them correspond to neutrals, since no emission lines related to Au + could be detected in the present experiments. Figure 1 shows the dependence of the areal density of gold atoms per layer ͓͑Au͔, in at. cm 2.1-2.5ϫ 10 15 at. cm −2 . The inset shows ͓Au͔ as a function of the laser fluence for 200 laser pulses for the three studied fluences. It is clearly seen that the amount of metal does not follow a linear trend. Figure 2 shows plan view HREM images of films produced using the highest laser fluence ͑3.3F 0 ͒ that have increasing ͓Au͔ contents. For the lowest ͓Au͔ ͓Fig. 2͑a͔͒, the NPs are small and approximately round. As the ͓Au͔ content increases, both small and large NPs are observed ͓Figs. 2͑b͒ and 2͑c͔͒. For the highest ͓Au͔ ͓Fig. 2͑d͔͒, a network of elongated metal features close to the percolation limit is observed in addition to the small NPs. Since some NPs become elongated due to coalescence, the in-plane dimensions of the NPs have been determined from the HREM images by defining for each NP a length ͑the longer dimension͒ and a breadth ͑the in-plane dimension in the direction perpendicular to the length͒. Figure 3 shows the in-plane aspect ratio of both the large and small NP, defined by their length to breadth ratio as a function of ͓Au͔. Note that these characteristic dimensions are not well defined for the film produced at the highest fluence with the largest ͓Au͔ content ͓Fig. 2͑d͔͒, and thus no point is plotted for the large NPs in this case. It is clearly seen that independently of the laser fluence used, the aspect ratio is approximately constant and equal to 1.3. For the statistical purposes considered in the present work we have characterized the NPs with an equivalent diameter calculated as the mean value of the length and the breadth. The dispersion of the diameter of the NPs produced at the highest fluence as a function of ͓Au͔ is shown on the right-hand side of the corresponding image in Fig. 2 . In all cases, a narrow distribution centered at 1.4± 0.2 nm is observed. Whereas the film having the lowest ͓Au͔ content only exhibits this narrow distribution, an additional broader distribution appears when increasing the ͓Au͔ content, the maximum of this second distribution shifting to longer diameters as ͓Au͔ increases. This bimodal distribution for the film having the highest ͓Au͔ content is better appreciated in the inset of Fig. 2͑d͒ where the number of particles is plotted within an expanded scale. Figure 4 shows both cross-section ͑left͒ and plan view ͑right͒ HREM images of the films with increasing ͓Au͔, having Au NPs produced using the lowest laser fluence ͑F 0 ͒. The plan view images show indeed the presence of both small and large NPs in the films having higher ͓Au͔ ͓Figs. 4͑c͒ and 4͑d͔͒. The cross section images show that the NPs are organized in layers, whose spacing is very similar ͑within 15%͒ in all films as intended. Large and small NPs are located in ͓Fig. 4͑b͔͒, a few large NPs can be seen and thus this quantity of metal appears to be close to the threshold for the formation of large NPs. Figure 5 shows cross-section ͑left͒ and plan view ͑right͒ HREM images of films having similar ͓Au͔ but produced at increasing fluence ͑from top to bottom͒. In all cases, two layers corresponding to small and large NPs are observed. As the laser fluence increases, the center-to-center separation between the small and large NP layers slightly increases ͑from 3.0 nm to 4.0 nm͒. In addition the large NPs become smaller for the highest fluence. These features are more clearly seen in Fig. 6 where the dependence of the diameter of both large and small NPs on the ͓Au͔ content is shown for films grown at different fluences. The diameter of the small NPs remains approximately constant independent of the laser fluence used or the ͓Au͔ content. The diameter of the large NPs increases as ͓Au͔ increases with a tendency to saturate for high ͓Au͔ values. Large NPs disappear for ͓Au͔ values Ͻ2 ϫ 10 15 at. cm −2 , whereas the small ones are still seen ͓Fig. 4͑a͔͒. Finally, the dependence of the diameter of large NPs on the fluence can easily be extracted from this figure following the two marked vertical lines. For low ͓Au͔ contents, all the laser fluences lead to the same diameter, whereas the diameter of large NPs undergoes a maximum for the intermediate fluence 2.3F 0 .
RESULTS
The use of increased fluence to ablate the targets influences the quantity of species ablated per pulse. Figure 7 shows the number of atoms deposited per pulse of both the host and the metal as a function of the ͓Au͔ content in the deposited films. The results show that whereas the number of host atoms deposited per pulse remains constant independently of ͓Au͔, the number of Au atoms deposited per pulse unexpectedly increases as ͓Au͔ increases, the higher the fluence the higher the number of atoms deposited per pulse. It is worth pointing out that the number of atoms of the host deposited per pulse is approximately one order of magnitude higher than that of the metal, particularly for the lowest ͓Au͔ values.
The kinetic energy of the excited neutrals present in the plasma is deduced from real time spatially resolved optical emission transients measured in the fluence conditions used to prepare the films. For a given emission line, the time at which the maxima of the emission transients collected for a certain emission line occur, is plotted as a function of the distance to the target at which they were collected ͑not shown͒. The data follow a linear evolution whose slope provides the velocity of the corresponding species. This linear evolution is consistent with the excited atoms having a constant velocity as expected since the plasma expansion and subsequent deposition take place in a vacuum. 16 The velocities experimentally determined are summarized in Table I , together with the kinetic energy calculated using these velocities. It is clearly seen that the velocity of Au species increases slightly with fluence, whereas that of Al remains approximately constant. The velocity of the Ag species is close to half than that of Au. 
DISCUSSION
The presence of two layers of Au NPs shown by the cross-section HREM images in Figs. 4 and 5 is consistent with the bimodal distribution seen in the plan view images. This clearly suggests that different processes are taking place during the production of Au NPs by PLD. The fact that the small NPs are located deeper than the large ones suggests that they are embedded in the previously deposited a -Al 2 O 3 rather than being formed on its surface. These small NPs thus relate to metal incorporated in the matrix during the deposition process and we will refer to them from now on as the embedded layer, whereas the second layer of NPs is most likely formed by NPs that have been nucleated at the surface of the a-Al 2 O 3 and will be referred to from now on as the surface layer of NPs.
The separate production of the two layers of NPs could only be observed for the lowest laser fluence used, since in this case, the arrival rate of the Au species is much lower. As seen in Fig. 1 for the fluence F 0 , there is a change in slope in the graph of the amount of Au incorporated in the films as a function of the number of laser pulses. This means that for a broad range of number of laser pulses ͑560-980͒, ͓Au͔ remains approximately constant within 2.1± 0.2 ϫ 10 15 at. cm −2 . Figure 4͑b͒ shows that this ͓Au͔ value is the threshold for the formation of NPs at the surface since for smaller values ͓Fig. 4͑a͔͒, only the embedded layer is seen, while for larger ones ͓Fig. 4͑c͔͒, both surface and embedded layers are produced. Furthermore, this ͓Au͔ threshold is independent of the laser fluence used, as seen in Fig. 6 .
The embedded NP layer is always observed to be present and consists of round NPs with a diameter of 1.4± 0.2 nm independently of the ͓Au͔ content or the laser fluence. This result suggests that the process responsible for its formation requires a minimum ͓Au͔ content to initiate nucleation, but subsequent saturation is very fast. The cross-section images in Fig. 5 show that the depth position of these embedded layers with respect to the surface ones increases as the fluence is increased. We define the depth at which the embedded layer is produced, d, as the distance between the center of the embedded layer and the average position of the lower surface of the NPs belonging to the surface layer, which is estimated to be the position of the a-Al 2 O 3 surface, marked in Fig. 5 , left by a vertical white line. The value of d increases from 1.2 nm to 2.0 nm when the laser fluence is increased from F 0 to 3.3F 0 . If this embedded layer is produced by implantation of the metal in the matrix, d should depend on the kinetic energy of the Au species arriving to the surface of the a-Al 2 O 3 substrate, with higher kinetic energy leading to greater implantation depth.
In the case of laser ablation of metals well above the plasma formation threshold, the ions present in the plasma play a significant role on the film deposition process, 17 the ionization fraction being dependent on the laser parameters. Recent works on UV ablation of metals in the fluence range relevant here, have evidenced a significant ionization fraction ͓Ti ͑Ͼ50% ͒, Al ͑Ϸ60% ͒, Ag ͑Ϸ60% ͒, Bi ͑Ϸ15% ͔͒ ͑Refs. 12, 18, and 19͒ and pointed out that the ion fraction seems to depend on the melting point. Considering these results and the fact that Au has a melting point close to that Ag, we have estimated that in our present conditions this fraction can lie in the range 10-50 %. Moreover, since in the case of metals, excited neutrals are most likely the result of electron-ion recombination processes 20 and for fluences well above the plasma formation threshold it has been reported that excited and ground neutrals have similar peak velocities, 21 the velocities and kinetic energies shown in Table I can be considered a good approximation for those of the majority of the species present in the plasma.
Assuming that the variation of kinetic energy with fluence follows a linear function over the range studied, the kinetic energy of the energetic Au species would increase from 67 eV to 115 eV when increasing the fluence from F 0 to 3.3F 0 . Using these kinetic energy values for Au species, a density of 2.95 g cm −3 for a-Al 2 O 3 ͑Ref. 22͒, and the SRIM software, the calculated implantation ranges are 1.4± 0.1 nm and 1.6± 0.2 nm for F 0 and 3.3F 0 , respectively. These values agree well with the experimental implantation depths determined from Fig. 5 . Thus it can be concluded that the embedded layer is produced by implantation into the a-Al 2 O 3 substrate of a fraction of the metal arriving at the substrate.
The existence and location of the embedded layer is also a consequence of the high Au mass. In earlier reports, an embedded layer was clearly seen when producing Bi NPs, 10 whereas it was harder to observe in the case of Ag NPs, 15 and has not been observed in the case of Cu NPs. 8 Bi has a mass very similar to that of Au and the velocity reported for Bi species in PLD processes was slightly higher ͑14 ϫ 10 3 m s −1 ͒. 23 It is thus not surprising that the implanted layer is similarly well seen for both Bi and Au. However, Ag has half the Au mass and the velocity of Ag species determined here is approximately half than that of Au species. Provided that the fluence used to produce the Ag NPs in the earlier report 15 was approximately half the fluence used here to determine the velocity of excited Ag species, and assuming again a linear dependence of the kinetic energy with fluence we can estimate the kinetic energy for an energetic Ag species in Ref. 15 to be more than 8 times lower than that of an energetic Au species in this work and thus, the implantation depth for Ag had to be much smaller. This reasoning agrees well with the fact that although the existence of an implanted layer in the case of Ag was inferred from a dark contrast below the NPs in the cross-section images, a layer of embedded NPs was not formed. 15 The implantation depth estimated using the velocity measured in this work is of 0.8 nm which is in good agreement with the experimental observations in Ref. 15 . This reasoning agrees well with the fact that the metal tends to form a quasi-continuous layer rather than isolated NPs when the implantation energy is decreased. 24 The kinetic energy of energetic Au species ͑close to 100 eV͒, and the total Au dose ͑2 ϫ 10 15 at. cm −2 ͒ in the implanted layer are, respectively, at least two orders and one order of magnitude smaller than those typically used for producing NPs by energetic ion implantation. 2, 3 For the case of Cu, it has been reported that there is a critical dose for forming NPs, with this threshold being lower for low ion energy. 25 Although this agrees with our observations, the kinetic energies ͑25 keV and 3 MeV͒ for which this effect has been observed are still much higher than those involved in PLD. There is, however, another important parameter that is scarcely discussed in the literature, namely the dose rate or flux of arriving ions. This is typically in the range 10 13 -10 15 ions cm −2 s −1 for ion implantation. 2, 3 It has recently been shown that for Ti implantation at 9 keV and a total dose of 6 ϫ 10 16 ions cm −2 , a decrease of the flux by a factor of two causes the metal to form a quasi-continuous layer rather than NPs. 24 PLD is a transient process since most of the deposition occurs during a period of several microseconds after the laser pulse, with this deposition being repeated after a pause of some hundred milliseconds at a typical laser pulse frequency of 10 Hz. Considering 10 s as a conservative approximation for the deposition time after each pulse, the average flux per pulse of metal species arriving at the substrate using the rates plotted in Fig. 7 is in the range of 10 16 -10 17 at. cm −2 s −1 . These fluxes are extremely high when compared to the fluxes used during ion implantation, and thus are likely to be responsible for the formation of the embedded layer Au NPs by the implantation of energetic species. These high fluxes are also responsible for the very sharp size distribution of the embedded layer of NPs, as it has been previously observed that the size dispersion of NPs produced by ion implantation is substantially reduced when increasing the flux. 2, 3 Our results give thus further support to the conclusion that low energy and high flux ion implantation is required to achieve narrow NP size distributions, 24, 26 and provides an explanation for the narrow 2D distribution of Au NPs produced by ion implantation recently reported. 1 Although the kinetic energy ͑240 keV͒ in this report was higher than that used in the earlier ones, 2,3 the flux was close to 10 17 ions cm −2 s −1 and thus similar to the one used in this current work.
Our results clearly show that for metal concentrations per layer of 2 ϫ 10 15 at. cm −2 , the implanted portion of the metal becomes saturated and nucleation and growth at the surface starts, the diameter of the NPs increasing as the amount of metal deposited increases. The fraction of Au atoms leading to the formation of the surface layer of NPs has been estimated to increase from ϳ50% of the total deposited Au atoms in the case shown in Fig. 2͑b͒ up to a value close to ϳ80% when coalescence is clearly taking place ͓Fig. 2͑d͔͒. This layer corresponds most likely to the one reported earlier for PLD of Cu or Ag NPs, 8, 15 for which the implantation effects were weak and for which the diameter of the NPs followed a nearly linear increase with the number of laser pulses in the metal target. However, similar ͓Au͔ values are achieved over a broad range of number of laser pulses ͑560-980͒ for the lowest fluence used ͑Fig. 1͒. This ͓Au͔ content is in addition very close to the threshold for forming NPs at the surface layer as seen in Fig. 4͑b͒ . Therefore, there has to be another competing process that slows down or even prevents the growth of the NPs at the surface layers for low ͓Au͔ values. This conclusion is further supported by the unexpected increase of the number of Au atoms deposited per pulse as ͓Au͔ increases ͑Fig. 7͒ and by the sharp increase of the deposition rate at high fluence that can be deduced from the inset in Fig. 1 . Since these competing processes influence the metal content but not the host content, they are most likely related to sputtering of the metal by either selfsputtering during metal deposition or by sputtering of the metal while covering the NPs with the Al 2 O 3 host.
According to the classical sputtering models, the sputtering yield depends on the kinetic energy of the arriving projectiles. 11 Assuming the formulation reported elsewhere based on this theory, 14 and the kinetic energies in Table I , the sputtering yield of Au by host projectiles should be negligible whereas that of Au by Au projectiles would increase from 0.37 to 0.72 when increasing the fluence by a factor of 3.3. This important increase of the self-sputtering yield can account for the evolution of the NP dimensions as a function of fluence deduced from the vertical lines in Fig. 6 . The fact that this evolution undergoes a maximum for the intermediate fluence is consistent with self-sputtering being dominant over growth above this fluence. This observation is consistent with the dependence of sputtering effects on fluence reported elsewhere during deposition of metals by PLD. 12, 13 However, the results in Fig. 7 show that the number of Au atoms deposited per pulse increases with the value of ͓Au͔ for a given fluence, even when the arrival flux of both Au and host species is constant. This result clearly suggests that sputtering of the metal caused by the host species must be playing a role most likely related to the special features of the PLD process that significantly differ from those of classical sputtering. 27 The PLD process generates a high particle flux, and due to the low kinetic energy ͑compared to sputtering͒, they only penetrate a very short distance into the surface, and so rapidly alter the local deposit composition. Hence, the surface composition and sputtering rates must vary both with fluence and dose. Early examples, particularly for metals, showed changes in sputter yields varying by up to factors of 10. 27, 28 Although our results only provide clear evidence for the self-sputtering of the metal, evidence for sputtering of the metal by the host has been provided elsewhere during covering of layers of Au NPs by a 5 nm layer of Al 2 O 3 produced by sputter deposition. 5 The results show that the metal content is higher in the noncovered sample than in the covered ones only for small NPs ͑diameter Ͻ2.0 nm͒ in agreement with our own observations. We can conclude then that sputtering of the metal by host projectiles is taking place in the current work because of the very high flux during deposition of the host and is the dominant sputtering process for low ͓Au͔ values.
The classical theories for surface nanoparticle nucleation and growth predict that the main parameters controlling these processes are the substrate temperature and the deposition rate. 29 The species arriving at the substrate diffuse on the surface until they are trapped by special sites ͑such as defects or nanoparticles͒, join other atoms to form nanoparticles or re-evaporate. There is a critical NP size below which the nuclei are unstable and thus can easily be re-evaporated or sputtered off the surface. 4, 30 According to Fig. 6 and Fig.  4͑b͒ , this critical size must be in our case Ͻ2.5 nm, or close to 2.1± 0.2ϫ 10 15 at. cm −2 . Following this reasoning, Au surface NPs smaller than this critical size are more easily sputtered off the surface than larger NPs. Once the ͓Au͔ content is high enough to produce NPs bigger than the critical size, these large NPs are no longer sputtered off, but remain at the surface. This preferential sputtering process of atoms and/or small NPs would also account for the reduced size dispersion observed for the Au NPs at the surface layer produced at the highest fluence, as coalescence is prevented due to sputter of the small ones. The competition between growth and sputtering processes, independent of their origin, leads to a selflimiting size effect that promotes the production of NPs with a narrow size distribution that helps to minimize coalescence.
The existence of such self-limiting effects is clearly appreciated from Fig. 8 where it is shown the evolution of the number density of NPs with the Au coverage. The number density increases for the highest fluence, while for the lowest one it is clear that it is either constant or slightly decreasing, in spite of the dispersion in the data. These results, especially the one obtained for the highest fluence, are in contrast with earlier reports for Cu and Ag NPs produced by PLD ͑Refs. 9 and 15͒ where the number density of NPs was found to decrease when the coverage increased, consistent with a growth process dominated by coarsening and coalescence. Similar self-limiting effects have been reported during the production of Sb NPs by cluster beam deposition, 30 or transition metal NPs produced by electron-beam deposition. 4 The reason why these self-limiting effects were not observed for gold in the latter work might be related to the lower flux used there and to the fact that the maximum ͓Au͔ content achieved was 1.38ϫ 10 15 at. cm −2 , which is smaller than the critical value determined in this work. Self-limiting effects associated to high flux bombardment have also been reported upon high-flux Cu implantation in silica 2 or hydrogen bombardment of carbon.
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CONCLUSIONS
Three competing processes have been identified during the growth of Au nanoparticles by pulsed laser deposition, namely the production of NPs by implantation of the metal in the host acting as substrate, nucleation and growth of NPs at the surface and sputtering of the deposited metal. The first process leads to the production of an embedded layer of very homogeneous, small NPs ͑1.4± 0.2 nm͒ whose position, with respect to the surface scales with the kinetic energy of energetic Au species arriving to the substrate. This process is a consequence of the high arrival flux ͑Ͼ10 16 at. cm −2 s −1 ͒ and is found to saturate in all the experimental conditions studied at a metal concentration close to 2 ϫ 10 15 at. cm −2 . The second process, the nucleation and growth of NPs at the surface, starts once implantation saturates. However, sputtering of the metal at the surface by incoming Au and host species influences this process. The latter is linked to the very high fluxes and appears to dominate for low metal contents. The selfsputtering of the metal, mainly related to the increase of the kinetic energy of the species when increasing the fluence, is instead found to be dominant for high fluences. Both processes are most likely to occur simultaneously and they lead to a self-regulation of the dimensions of the NPs by preferential sputtering of the smallest NPs. This self-limiting process is more noticeable for the highest laser fluence considered and narrows the size distribution by preventing coalescence.
